We use grain-focused models to study grain boundary (GB) migration (GBM) in polycrystalline Cu vias that interconnect MLM layers in 3D ICs. Curvature-driven GB velocities are calculated by PLENTE [1-3] using the local mean curvature of the GBs, as described in Ref. 2. We use Comsol Multiphysics [4] to calculate GB velocities due to thermally induced strain energy jumps across GBs [5] . The thermo-mechanical calculations needed for this are made using model structures that combine continuum models and grain-continuum (GC) models (see [1-3, 5]); we call these 'hybrid' graincontinuum (HGC) models. Curvature driven GB dominates in this work; however, there are uncertainties in the absolute stress values used and how the relative magnitudes of these phenomena will change as the structure evolves.
Introduction
We have used grain-focused simulations to study microstructure formation and evolution in Cu interconnects [1] [2] [3] , because of their impacts on IC performance and reliability characteristics, including electromigration resistance [6, 7] , resistivity [8] , and yield strength [9] . This paper reports on our on-going grain-focused modeling effort to understand microstructure evolution in polycrystalline Cu vias as they might be used in 3D-ICs [10] . In face-to-face bonded 3D-IC wafer stacks, as considered here [11] , Cu vias can pass through several layers (see Fig. 1a ); including, multi-level metallization (MLM), Si, SiO 2 , and BCB. BCB is an organic polymer adhesive.
We focus on the relative roles of two driving forces for GBM: curvature driven GBM (CDGBM) and strain-energy driven GBM (SDGBM). CDGBM is traditionally cited as one major cause of post deposition self-annealing of ECD Cu [12] , which is used to deposit Cu in our vias. The mechanism is based on the reduction of interface energy associated with GB area; i.e., by reducing GB area. In contrast, SDGBM can become important when externally imposed loads or changes in temperature, combined with mismatches in coefficients of thermal expansion (CTE), cause nonuniform stress fields within a grain structure. Cu grains are mechanically anisotropic, allowing jumps in strain energy density, which act as driving pressures for GBM [13] .
Methodology
In our grain continuum (GC) approach, we treat each grain as a continuum that interacts with other grains and the film boundaries [5, 14, 15] . For thermo-mechanical analyses of 3D-IC via structures, we use an extension of the GC approach that we call 'hybrid' grain-continuum (HGC) models [5] . In HGC models, parts of the Cu grain structure are replaced with continuum representations, while other parts retain GC representations (see Fig. 1b and 1c ). HGC models reduce the computational burden while providing for detailed results in regions of particular interest.
To produce a starting grain structure, PLENTE [1] [2] [3] is used to model the deposition of Cu grains in a 1.5 m diameter, 23.6 m tall cylindrical via. With a nominal nucleation density of 0.7 m -2 along the via sidewalls, Cu nuclei are allowed to grow as if they were produced by a kinetically limited electrochemical or electroless plating process [16] until the via is filled. This deposition model produces a reasonably realistic grain structure in the via, containing approximately 80 grains. The via is embedded in an oxide/BCB/oxide multilayer (as seen in Fig. 1a ) with a BCB thickness of 3 m and a via-to-via pitch of 15 m. For the thermo-mechanical calculations, the explicit GC structure in the bottom 6 m of the via is kept, and the upper section of the via is replaced with a continuum model. From previous modeling work [5] , we know that the portion of the via that passes through the BCB has the highest stresses. The height of Cu to kept as GC above the BCB layer, determined as described in Ref. 5 is large enough that the answers in the BCB region do not change.
The structure is exported from PLENTE to Comsol Multiphysics [4] as an interfacefitted tetrahedral mesh. Thermo-mechanical calculations are made assuming a temperature drop of 100 K from an annealing temperature of 525 K. The structure is periodic by assumption and sits on a thick Si wafer, so displacement boundary conditions along the sides of the cell are imposed, mimicking the contraction of the underlying substrate. Strain energy density is computed throughout the via, and the set of all element faces that represent GBs are identified. The difference in strain energy density across each face is calculated. This difference in strain energy density is a driving pressure for SDGBM [14] . Multiplying this pressure by the mobility of Cu GBs, (1.3x10 -16 m 4 /J s at 425 K [13, 17] ) we arrive at a normal speeds for each triangle on the Cu GBs, in the GC section of the structure. Gibb-Thompson-like relation [2] , the product of the mean curvature and the surface energy density is identified as a driving pressure, and normal speeds are determined using the same mobility as for SDGBM.
Results and Discussion
Computed strain energy densities resulting from a temperature drop of 100 K are shown in Fig. 2a for a cross section through the via. The materials surrounding the Cu grains are indicated by the solid lines. The mechanical effects of the grain structure in this system are significant enough that the grains can be roughly seen in this field. However, it is difficult to see the magnitude of the discontinuities in energy density across the GBs. It is revealing to look at the distribution of normal speeds over the GBs as speed probability distributions. SDGBM and CDGBM speed distributions are plotted in Fig. 2b for comparison. These curves show the fraction of the Cu-Cu GB area moving at a given differential speed interval. The SDGBM distribution exhibits a broad peak around 70 nm/hr. In contrast the CDGBM curve peaks sharply at 1400 nm/hr. Note that neither distribution gives information about where particular speeds occur. To answer such questions, additional visualization is required. However, it can be said that because CDGBM rates are only a function of the local shape of grains, they are, on average, uniform throughout the via. Thus the entire via is used (not just the bottom 6 m) to determine the CDGBM speed distribution.
The speeds associated with CDGBM are 1-2 order of magnitude higher than those for SDGBM. It is tempting to say that CDGBM is the dominant of the two mechanisms, but that statement may be limited to short times after deposition. CDGBM is highly dependent on the local shape of the GBs. As grains relax under CDGBM, high curvature areas from the as-deposited structure will tend to smooth out and the peak in the distribution will shift to the left [2] . Further, although the driving energy for CDGBM is stored in the structure, the driving energy for SDGBM is induced in the structure by the work done upon changing its temperature, or in other cases, by work done by an imposed load. Therefore, the CDGBM rates may drop off much faster than the SDGBM rates as the system relaxes.
Conclusions
Thermomechanical and geometric calculations on a realistic grain structure show that, at least for short times after deposition, CDGBM is larger than SDGBM, having a most probable interface speed about an order of magnitude higher. A more complete exploration of the relative role of these two mechanisms should involve the evolution of the grain structure, in order to reveal how the behavior changes with time. Additionally, more advanced models may be appropriate for some systems [18] . It should be noted that von Mises stresses exceeded some estimates of the yield strength of Cu in some locations in the results summarized here. The elastic model used cannot account for plastic deformation that would dissipate strain energy.
The extra work required to account for grain structure in the thermomechanical calculation is justified, as evidenced by visualizing the strain energy density field. The visiblity of the underlying grain structure in the computed result (Fig. 2a) underscores the presence of a grain-based effect on the mechanical response.
